Rotating bearings are some of the most commonly employed machine elements. As such, they are well-understood and thoroughly researched pieces of technology. Fatigue lifetime calculation is internationally standardized through ISO 281 which is based on the assumption that loads act on a bearing under constant rotation. Blade bearings of wind turbines do not conform to this assumption, since their movement typically consists of small, repetitive oscillations. Moreover, their load distribution differs considerably over the bearing circumference, a load case for which ISO 281 refers to ISO 16281 and which 5 requires detailed simulations of the bearing to be sufficiently precise. Aside from ISO 16281, the NREL DG03, a guideline for pitch and yaw bearing lifetime, lists two methods for incorporating bearing loads into the fatigue life calculation. This paper compares all three methods. Load distributions in the bearing are simulated and interpolated by means of a novel approach.
. Main turbine properties of IWT-7.5 (Popko et al., 2018) Simulations of the time series were carried out using the IWES Wind Turbine IWT-7.5, a wind turbine model designed by Fraunhofer IWES and described by Popko et al. (2018) . It is a nearshore turbine with 7.5 MW rated power output, designed for wind class IEC A1 (IEC, 2019) . Additional properties are displayed in Table 1 .
The model assumes that the turbine operates with a controller designed by the German wind turbine manufacturer Enercon.
Enercon used the aeroelastic model of the IWT-7.5, equipped with their own IPC controller, to run load simulations. This 60 controller is a wideband IPC, designed to minimize loads as much as possible without limiting the movements of the pitch bearing. The Enercon IPC activates at wind speeds slightly below rated speed. This speed region contributes a large share to the overall fatigue loads of the turbine. The control values are the loads in a non-rotating hub coordinate system, and the main objective is to minimize loads on the steel structures of the turbine (hub, machine frame, tower). Stammler et al. (2019) presented results of different load simulations with another IPC controller for the same turbine. Note that, in contrast to the of all cycles obtained using either a rainflow count or a range pair count will be identical, the length of the cycles will differ. 75 This will have an impact on the calculated lifetime if additional factors for oscillation as used by Schwack et al. (2016) are employed.
After a rainflow cycle count of the bearing oscillations, the results were further divided into bins of the resulting tilting moment, its angle, and the absolute pitch angle of the bearing using the procedure described by Stammler et al. (2018b) .
FE model 80
The generation of the entire FE model as well as all simulations were performed using ANSYS R3. For all FE simulations, a one-third rotor star FE model was used. It consists of a rotor blade, one third of a rotor hub, a pitch bearing, and a stiffener plate. Using only a one-third rotor star model greatly reduces the computational effort. Doing so makes the model behave symmetrically, meaning that it is not possible to simulate different loads acting on the three blades, a process which is assumed to have negligible effects on the loads of one bearing. Part of the model is shown in Fig. 1 . The outer ring of the bearing connects 85 directly to the blade flange of the hub. The bearing's inner ring connects to the blade with the stiffener plate in between. Using stiffener plates is a common way to reduce the ovalization of the bearing, which is caused by the blade. The stiffener plate is made of steel and has a thickness of 25 mm, which is a typical thickness for a blade flange of that size. The blade model contains a fully modeled root section. The component contacts are simulated to be bonded over the connecting surfaces, meaning that no bolts and friction-based contact behavior are implemented. The influence of that simplification is assumed to be negligible. The 90 model is completely fixed at the hub's rotor flange (downwind) and partially fixed at the hub's upwind flange. In addition, cyclic constraints at the hub's one-third cutting planes are implemented. All these boundary conditions enable a realistic deformation behavior of the rotor hub to be modeled. The loads are applied to the blade's spar caps at a blade length of 40 m. Concentrating all loads acting on a blade at one point is a common method for determining bearing loads that does not completely reflect the load application on a real blade. In-house investigations beforehand showed that doing so delivers comparable results to a 95 realistic load application as long as the load application point is not located in the first quarter of the blade. 
Pitch bearing
The bearing used for all simulations is a double-row four-point contact ball bearing as described in Stammler et al. (2019) . Table 2 lists the main properties of the bearing. It has the typical design and dimensions of a pitch bearing for a wind turbine of that size. The pitch diameter d m refers to the distance between two opposite rolling element centers.
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The balls of the bearing are not fully modeled but represented by non-linear springs, which is a common approach according to Daidié et al. (2008) . The non-linear force deflection curve to represent the Hertzian contact between the ball and raceway is calculated according to Houpert (2000) . 
Contact forces 105
During the aeroelastic simulations performed for the lifetime simulations of the turbine, a wide variety of different loads act on the pitch bearings. Of these, the three most influential factors are: the resulting tilting moment M , that is, the resulting moment from edge-and flapwise moments; the angle of said resulting moment, hereinafter called the load angle, β; and finally the pitch angle θ of the blade. These three factors are defined as depicted in Fig. 3 . They have the strongest influence on the load distribution in the bearing (Stammler et al., 2018a) . While the effect of M as the load onto the bearing is obvious, the 110 influences of β and θ are less apparent. Large slewing bearings such as those used for blade pitching tend to be very elastic.This causes the hub and blade as well as their non-rotationally symmetric stiffness behaviors to change the load distribution in the bearing significantly, depending on their respective orientation. Different load distributions in the bearing then, in turn, create a different equivalent load for the lifetime calculation. The axial force F z has a barely noticeable effect on the load distribution as the resulting axial forces from the tilting moment tend to be much higher. Nonetheless, a representative value of F z has been 115 considered for the simulations, depending on the currently acting moment M . Radial forces F x and F y result from the usage of a lever arm measuring 40 m during all simulations.
Contact forces are thus simulated at a discrete number of points using 358 different combinations of M , β and θ. Simulations have been run for a grid of data points, shown in Fig. 4 . The grid in this case was chosen such that all operating points during the aeroelastic simulations lie within it, hence allowing a regression analysis at all times. Note, that, in general, choosing a 120 larger choice of operating points will result in more robust regression analysis results.
Lifetime calculation methods
All the standards and guidelines mentioned in Sect. 1 calculate rolling contact fatigue lifetime is calculated as where L 10 denotes the time until 10% of bearings will show first signs of fatigue on their raceways (Harris, 2001) . C a is the 125 (axial) load rating of the bearing, which for all methods shown will be calculated as
according to the ISO 281. C a is based on geometrical and manufacturing properties such as: the row count, i; the number of balls, Z; the ball diameter, D; and the (initial) contact angle, α. As all these parameters are known at the manufacturing stage, the figure is generally provided by the bearing manufacturer. P a of Eq. 1 refers to the dynamic equivalent load, which 130 is a measure for the loads acting on the bearing during operation. Three different calculation methods will be presented in the following, two of which, here referred to as NREL 1 and NREL 2, are listed in NREL DG03.
Method NREL 1
Firstly, an equation based on the applied tilting moment is given as
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where F r and F a refer to the applied radial and axial forces, respectively. M stands for the applied tilting moment and d m for the diameter of the bearing. Eq. 3 does not require any knowledge of the bearing other than its diameter and is thus often used for simple, rough calculations.
Method NREL 2
As a more sophisticated approach, the DG03 also lists
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which is based on the individual rolling element loads, Q j , taken from a simulation of the entire bearing. Strangely enough, Q j is not further defined, despite the fact that pitch bearings tend to be four point bearings, meaning that up to four forces can act onto a ball at the same time. Eq. 4 can thus not be used as it is shown because Q j could refer to any combination of the four contact forces. This paper therefore uses a slightly modified approach, given by
with the loads Q jA and Q jB as defined in Fig. 2 , where effectively only the axial component of the rolling element loads (Q jA sin α + Q jB sin α) 3 is considered in the calculation. Variable Z NREL is interchangeably referred to as "the total number of balls in the bearing" and the "number of rolling elements in a row" by NREL DG03, even though pitch bearings are commonly double-row bearings. This paper assumes the former, meaning that Z NREL = Z · i, since otherwise no method to calculate the 150 entire equivalent load for a double-row bearing would be defined.
Note that the variable α is referred to as the "nominal contact angle" in ISO 281 but simply as the "contact angle" without further specification in NREL DG03. For reasons of consistency, all calculations in this paper use the initial contact angle shown in Table 2 . Contact angles of a highly loaded pitch bearing will generally increase significantly over the circumference, which would increase the equivalent load as per Eq. 5. However, consideration of a changing contact angle in the calculation 155 of C a of Eq. 2 (and in the original calculation of P a acc. to Eq. 4) is not possible without changes to the overall calculation procedure and has thus not been done in the present work.
ISO 16281
As a third approach, the individual lifetime of each raceway will be calculated according to ISO 16281. Like NREL 2, this approach is based on individual rolling element loads. Equivalent loads Q ei and Q ee for a representative contact of the inner 160 and outer ring, respectively, are calculated as
Note that Q j is now clearly defined as the normal force between one ball-raceway contact. All equations presented in ISO 16281 are intended for single-row bearings, while pitch bearings have two rows with four contacts on each row. Therefore the load ratings Q ci and Q ce of the inner and outer ring are calculated as
Refer to ISO 16281 for details on the variables of Eq. 7 and note that C a (i = 1) has been used as ISO 16281 is intended for single-row bearings. These load ratings are then used to calculate the lifetime L 10r,p of each of the four inner-outer raceway Finally, one more adjustment of ISO 16281 is undertaken to account for the fact that the bearing has four contact pairs rather than one, by calculating the total lifetime of the bearing as
where e = 10/9 denotes the Weibull modulus for ball bearings, cf. DIN SPEC 1281-1 (DIN, 2010) . Comparing this approach to Eq. 4, it can be seen that the NREL DG03 approach is essentially an abbreviated version of the ISO 16281 using some 175 simplifying assumptions. For informative purposes, the lifetime calculated as per Eq. 9 is then turned into an equivalent load for the entire bearing according to Eq. 1 by
where C a = C a (i = 2) now, as usual, denotes the load rating of the entire bearing. This allows the three methods to be compared on the basis of the equivalent loads they provide. notably here the movement patterns of the bearing and its lubrication conditions.
Oscillation
A number of approaches exist for factoring in the movement patterns of bearings, see Schwack et al. (2016) for a comparison.
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Generally speaking, smaller oscillation angles affect the fatigue lifetime of a bearing positively (note, however, that other damage mechanisms such as wear are significantly accelerated by small oscillations, see Stammler et al. (2019) ). A lower oscillation angle reduces the maximum shear stress amplitude under the raceway, thereby reducing the likelihood of fatigue.
With the oscillation angle θ osc of a rainflow cycle bin measured in degrees, this paper assumes
190 for all calculation methods, meaning that the positive effect of small oscillations on fatigue lifetime is not considered.
Lubrication
Low rotational speeds worsen lubrication conditions, which, in turn, reduces the fatigue lifetime of a bearing. ISO 281 proposes an approach based on the multiplication of the basic rating life L 10 with a factor a ISO to receive the modified rating life which is also recommended by NREL DG03. Some differences exist in the calculation of a ISO , but mostly the approach given by NREL is adapted from the ISO under the assumption of poor lubrication conditions. Effectively, for the simulations given, these differences have very little influence on the results. The temperature has been assumed to be 15 • C, and the corresponding viscosity of the lubricant was thus calculated according to DIN 51563 (DIN, 2011) based on two points at 40 • C and 100 • C. The value did not exceed a ISO = 0.1003 at any operating point or with any method, while its minimal possible 200 value is defined as a ISO = 0.1, as a calculation for lower values is not possible according to the current state of knowledge as per ISO 281. Exchanging the ISO approach for that of the NREL thus only shortened the lifetime by about 0.15% less lifetime for simulations done in this paper.
Results and discussion
First, the approach for contact force regression analysis used herein is verified. Thereafter, the results of all three lifetime 205 calculation methods listed in Sect. 2.6 will be compared. An adjustment for the simplest method of all three will be given so that it more closely resembles the other two.
Contact force regression analysis
As depicted in Fig. 4 , there are significantly more data points of the aeroelastic simulation than there are FE simulated points.
A novel approach is presented to determine the contact forces Q j for all points of the aeroelastic simulation. A regression 
is used for each ball-raceway contact j in the bearing. Variable k max refers to the degree of the polynomial used to approximate moment M , while l max and m max denote the weights for the Fourier series used to approximate pitch and load angles θ and β. Once Eq. 13 is expanded, it is linear w.r.t. the various combinations of its c variables. These combinations can then be 215 determined by means of a least-square-fit using results from the FE simulations. The problem being a linear least squares problem, its solution can be determined with low computational effort using, for instance, the Moore-Penrose Inverse of the problem. Even though most of its summands are not necessary for the regression analysis, the problem can thus be used as shown because the computational time remains short.
Equation 13 essentially consists of one factor for the moment, load angle, and pitch angle, respectively. While the moment 220 is approximated with a polynomial, both angles are approximated with a Fourier series. To consider interdependencies of the three factors, they are multiplied with each other. Likewise, the pitch angle affects the contact force as shown in Fig. 6 for another contact j and at a moment of M = 10 MNm.
As the blade pitches, stiffness properties of the inner bearing ring relative to the hub-fixed coordinate system change. This causes a different load distribution which, for the contact shown, results in lower forces for a higher pitch angle. Contacts at other positions will behave differently.
The degree of M and the weights of θ and β should be chosen with the number of FE data points in mind. Note that with a lines, those from the regression analyses performed are plotted with dashed lines. Since the calculations performed in Eqs. 4 and 6 are a type of weighted average over all contact forces, small differences in the FE simulations have negligible effects.
Lifetime calculation methods
A bin counting is carried out in order to calculate the lifetime of the bearing. For 54 different bins of the oscillation angle, 240 the three variables moment M , load angle β, and pitch angle θ are put into 24, 70, and 90 bins, respectively. In total, each oscillation angle bin is thus, in turn, divided into 24 · 70 · 90 = 151200 bins. For each of these bins, the frequency of occurrence is calculated separately. The result is shown in Figure 8 , where point sizes reflect the frequency of occurrence. Not surprisingly, most of the bearing operation takes place at low pitch angles, with θ = 0 • being the most common one. Moreover, load angles between 0 • and −180 • are also rare, as these represent wind coming from behind the turbine. Consequently, it pitches out of 245 the wind at these operating points. The maximum moment of M = 24 MNm is only achieved at a load angle close to β = 90 • and a pitch angle close to θ = 10 • .
For each of the bins, the equivalent load is determined according to the three variants laid out in Sect. 2.6. Moment M unsurprisingly has the strongest influence on the load. Figure 9 shows the calculated equivalent load for all existing bins with a pitch angle of θ = 10 • . The overall ratio between P a and M can be seen to be almost linear, as assumed by variant NREL 1, 250 see Eq.3. However, the calculated loads differ between the three variants. The NREL 2 and ISO 16281 variants are strikingly similar, with the NREL 2 being slightly higher in magnitude. This can be attributed to the fact that the NREL 2 method is a simplified, slightly more conservative version of the ISO 16281. Compared to the other two, variant NREL 1 is much lower:
at the highest loads for M = 24 MNm, this results in a difference of 12% compared to the other two. As the equivalent load is factored into the lifetime to the power of 3, see Eq. 1, this difference will have a considerable effect on the calculated lifetime, 255 especially considering the fact that it occurs near a common operating point of the turbine as shown in Fig. 8 .
With a constant moment of M = 5 MNm, the effects of the load and pitch angle can be seen in Fig. 10 . As already observed above, the NREL 1 variant produces lower results than the other two. At a value of P a = 2.48 · 10 6 N, it is at least 13% lower than the other two variants are at their lowest points. This difference will have a strong impact on the calculated lifetime.
Moreover, it is constant for all values, as it does not consider the effect of changes in θ and β, see Eq. 3. The other two variants, 260 however, are based on internal load distributions of the bearing. Changes in θ and β are thus reflected by a change in equivalent load P a . As can be seen, the reaction to these differences occurs with different sensitivity. For all existing bins shown, variant NREL 2 results in the highest equivalent load P a , since assumptions made during its derivation from the ISO 16281 are mostly conservative in nature. The difference remains below 10 5 N at all times, which equals about 3% of the maximum load for this load case. The qualitative behavior is similar as well: for both variants at θ = 10 • , a minimum is reached at β ≈ −10 • . This 265 corresponds to the situation where a moment is acting edgewise on the blade, which is why the spare caps are not carrying any load while the maximum pressure is acting on the side of the hub, which has softer stiffness behavior. With an increase in the load angle β at the same pitch angle θ = 10 • , a maximum is then reached at β ≈ 120 • . The moment is now primarily acting flapwise, and the spare caps are carrying most of the load, which causes the blade to exhibit stiffer behavior. Furthermore, the spare caps are pushing into the downwind side of the hub, which similarly exhibits stiffer behavior. The overlap of the high
https://doi.org/10.5194/wes-2020-26 Preprint. Discussion started: 6 February 2020 c Author(s) 2020. CC BY 4.0 License. blade stiffness due to the spare caps carrying most of the load, and the stiffer backside of the hub resisting against this pressure, cause the highest resulting load to occur in this position. With an increase in pitch angle θ, one can see that the stiffness behavior of the blade significantly impacts the equivalent load P a , as the position of the maxima and minima changes with θ.
At a pitch angle of θ = 70 • , the maximum is then closer to load angle β = 20 • since that will be the direction of a flapwise moment.
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The difference between the maximum and minimum of the two methods is then approximately 5 · 10 5 N, which is roughly 14% of the maximum load shown. This difference reflects the impact of θ and β. It will impact the calculated lifetime to some extent, but not nearly as significantly as the resulting moment M .
Differences in equivalent loads between NREL 2 and ISO 16281 decrease with an increase in the moment, as shown in Fig. 11 for M = 20 MNm near the highest foreseen moment of the bearing. Note that, once again, only bins that actually 280 occurred during aeroelastic simulations are shown. Maximum differences in equivalent loads between NREL 2 and ISO 16281 now reduce to 0.25%, and differences caused by the load-and pitch angles are at most in the range of 7%, since the turbine does not change them significantly when the resulting moments are high. This range will be the most significant for the lifetime calculation, since it occurs frequently and does so under high loads.
Other operating points not shown in Figs. 9 and 10 remain similar with respect to their qualitative behavior. The NREL 1 285 variant remains lower than the other two for every single bin examined, and equivalent loads of variant NREL 2 are less than those of ISO 16281 in 99.9% of cases.
Using these values, the overall lifetime of the bearing L 10m is calculated paying due consideration to the frequency of occurrence of each bin. The results are shown in Fig. 12 here have a strong impact on the calculated lifetime. Using variant NREL 1 for the calculation of equivalent loads hence leads to roughly 1.7 times the lifetime of the other two methods, since the calculated loads are lower. Fatigue lifetime is therefore predicted to be 4273 h, or roughly 178 days. The other two methods barely differ with regards to their results. Both predict a lifetime of around 107 days. This resemblance can be attributed to the similarity in their equivalent loads at common operating 295 points of the turbine, as seen in the figures above.
Adjustment of NREL 1
Given the fact that the qualitative behavior of NREL 1 closely resembles that of the other two methods, as can be seen in Fig. 9 , and the fact that pitch angle θ and load angle β influence the lifetime less significantly than the resulting moment M , Eq. 3 provides a good basis for a simplified lifetime calculation. In order for NREL 1 to result in a similar lifetime, specifically the 300 term 2M dm should be adjusted, as it represents the strongest influence on the resulting equivalent load P a . For the simulations in this paper, an adjustment to
generates lifetimes as depicted on the right-hand side of Fig. 12 . The result of adjusting NREL 1 is thus slightly lower than that of its two counterparts, thereby allowing for some margin of error stemming from changes in pitch and load angle if different 305 operating points were to occur during simulations. The calculation is, however, much simpler, and thus well suited for rough analyses of the raceway fatigue lifetime of blade bearings. The results of all methods are compared in Table 3 . Equation 14 is thus valid for the specific turbine examined in this paper. The authors assume that for a different turbine or, more specifically, a different combination of hub, bearing, and blade, a different adjustment may be appropriate. Blade bearings of wind turbines operate under unusual operating conditions compared to others in the industry. Some details of the internationally standardized calculation of fatigue lifetime as per ISO 281, such as the calculation of equivalent loads or the consideration of oscillatory behavior, can thus be obtained by a number of methods. This paper investigated three different approaches for the calculation of equivalent loads P a required for the lifetime calculation: two according to NREL DG03 and one according to ISO 16281.
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For the case of a blade bearing of the reference wind turbine, load distributions in the bearing have been simulated and interpolated to allow for consideration of a variety of operating points. The results show that changes in the load and pitch angle of a rotor blade bearing lead to significant changes in the equivalent load P a . However, the impact of the resulting moment was identified to be more significant than that of the load and pitch angle.
The two methods that calculate P a on the basis of simulated load distributions (NREL 2 and ISO 16281) have been shown 320 to provide very similar results. The third method (NREL 1), which is merely based on global loads acting on the bearing and which does not require detailed simulations of the latter, has been shown to result in much higher lifetimes than the other two methods. An adjustment has been proposed for NREL 1 to match the results of its two counterparts more closely.
As already seen in other publications on the fatigue lifetime calculation of pitch bearings (cf. Schwack et al. (2016 ), Harris et al. (2009 ), these results are far lower than the expected lifetime of a turbine of 20 years. Calculation methods are largely
